Abstract: Stimulation with low-power laser (LPL) can enhance bone repair as reported in experimental studies on bone defects and fracture healing. Little data exist concerning the use of LPL postoperative stimulation to improve osseointegration of endosseous implants in orthopaedic and dental surgery. An in vivo model was used for the present study to evaluate whether Ga-Al-As (780 nm) LPL stimulation can improve biomaterial osseointegration.
, 1 W, 300 Hz, pulsating emission, 10 min. The right femurs were sham-treated (control group). Three and 6 weeks after implantation, histomorphometric and microhardness measurements were taken. A higher affinity index was observed at the HA-bone interface in the LPL group at 3 (P<0.0005) and 6 weeks (P<0.001); a significant difference in bone microhardness was seen in the LPL group vs. the control group (P<0.01).
These results suggest that LPL postoperative treatment enhances the bone-implant interface.
Low-power laser (LPL) stimulation creates a number of environmental conditions that appear to accelerate the healing of fractures and bone defects (Tang & Chai 1986; Trelles & Mayayo 1987; Luger et al. 1998; Kawasaki & Shimizu 2000; Morrone et al. 2000a Morrone et al. , 2000b Guzzardella et al. 2001a Guzzardella et al. , 2001b . The previously reported in vivo positive results have been further confirmed by in vitro investigations on osteoblasts and chondrocytes showing the stimulatory effect of LPL on cell proliferation, differentiation and synthetic activity (Morrone et al. 2000a (Morrone et al. , 2000b Torricelli et al. 2001; Yamamoto et al. 2001; Ueda & Shimizu 2001; Dortbudak et al. 2000) .
In the ambit of biomaterial osseointegration, the reported enhancement of fracture and bone defect healing could be of great importance, since the process of bone ingrowth at the interface with biomaterials is similar to that involved in fracture consolidation (Glowacki & Spector 1991; Sballe 1993 ). In addition, LPL-related effects (i.e. stimulation of blood flow, recruitment and activation of osteoblasts and osteosynthesis, decrease in osteclastic activity, anti-inflammatory action) could also be considered as factors that stimulate biomaterial osseointegration (Dortbudak et al. 2000) .
However, to the present authors' knowledge and according to Tunér & Hode (1999) , very few studies exist on LPL postimplantation therapy (Kusakari et al. 1992; Asanami et al. 1993) , although there are some other physical stimuli that are increasingly being considered as 'combination' or 'adjuvant' therapies to enhance bone attachment to the material surface (Matsumoto et al. 2000; Shigino et al. 2000; Tanzer et al. 2001; Fini et al 2002; Ottani et al. 2002) . Bone attachment stimulating factors could be used by orthopaedists and dentists when negative factors predictive of poor osseointegration are identified, for example in the case of poor bone stock at the implant site (LeGeros & Craig 1993) .
The aim of the present in vivo study was to investigate whether osseointegration of hydroxyapatite (HA) implants in bone can be enhanced by diode Ga-Al-As (780 nm) LPL stimulation performed from postoperative day 1 and for 5 consecutive days. Histomorphometric and microhardness measurements were taken from undecalcified specimens at 3 and 6 weeks.
Material and methods
The laser source was a Ga-Al-As semiconductor laser with a wavelength of 780 nm, an output power of 2500 mW and continuous or modulated output. The device was in the isolated class 1, type B and in the laser class III B. All safety instructions were strictly followed.
The cylindrical HA implants (3 mm in diameter and 5 mm in length) were manufactured using a mechano-chemical method (Toriyama et al. 1995) , and were sterilised at 1201C for 20 min before use.
The study was performed following European and Italian Law on animal experimentation and according to the Animal Welfare Assurance No. A5424-01 by the National Institute of Health (NIHRockville, MD, USA).
After induction of general anaesthesia by i.m. injection of ketamine (44 mg/kg, Ketavet, Farmaceutici Gellini, Aprilia, Italy) and xylazine (3 mg/kg, Rompun, Bayer AG, Leverkusen, Germany) with assisted ventilation (O 2 : 1l/min, N 2 O: 0.4 l/min; isofluorane: 2.5-3%), the surgical procedure was performed on 12 New Zealand male rabbits weighing 3.400±0.250 kg (Charles River, Calco, Lecco, Italy) and aged 36±2 weeks. The incision sites were shaved, cleaned and disinfected. Both distal femoral methaphyses were exposed by performing a latero-longitudinal skin incision. A hole of 2.9 mm in diameter and 5 mm in length was transversally drilled across the external surface, and the cylindrical implants were then press-fit implanted into both femurs. Finally, the skin was sutured in layers.
Antibiotics (Cefazolin, Bristol Meyer Squibb, Sermoneta, Italy, 100 mg/kg b.w.) were administered preoperatively, immediately after surgery and after 24 h. Analgesics (Metamizole chloride, Farmolisina, Vetem SpA, Porto Empedocle, Italy, 50 mg/kg b.w.) were prescribed in the immediate postoperative period.
As of postoperative day 1, the animals received LPL treatment on the left operated side (LPL Group). Stimulation was performed transcutaneously using an output pulsed LPL with the following parameters: 300 J/cm 2 , 1 W, 300 Hz, 10 min. The spot size of LPL irradiation was 1 cm 2 . Treatment lasted for 5 consecutive days. During irradiation, a technician manually kept the animals still. After bringing the LPL point to a perpendicular position of 1 cm from the lateral view of the distal femur, and waiting until the selected density of energy for biostimulation had been reached, LPL stimulation was performed on the target area. The right operated side was shamtreated (control group) for 10 min with the LPL off. The technician also kept the control animals still, in order to avoid any difference between the two groups. At 3 and 6 weeks after HA implantation, the animals were euthanised under general anaesthesia (six rabbits at each experimental time) by intravenous injection of Tanax (Hoechst AG, Frankfurt am M., Germany). By proceeding in this way, 12 specimens (six from the LPL group and six from the control group) were collected at each experimental time.
Histomorphometry
After implant retrieval, bone-implant samples were immediately placed in buffered paraformaldehyde fixative solution (4%) for 48 h. The samples were then dehydrated in graded series of alcohols. Finally, they were embedded in methylmethacrylate (Sigma Chemical Co., St Louis, MI, USA). The whole process was performed at a temperature of 22±11C and a humidity rate of 48%. Undecalcified sections of 40-60 mm thickness were obtained from the resin blocks perpendicularly to the long axis of the material using a diamond saw microtome (EXAKT-Cutting System, BioOptica, Milan, Italy). They were stained with fast green and toluidine blue, and processed for routine histological and histomorphometric analyses using a transmission and polarised light Axioskop Microscope (Carl Zeiss GmbH, Jena, Germany) and a computerised image analysis system with Kontron KS 300 software (Kontron Electronic GmbH, Eiching bei Munchen, Germany). Histomorphometric measurements were taken semiautomatically on three sections for each sample. The affinity index (AI) (the length of bone directly opposed to the implant without the presence of a fibrous membrane divided by the total length of the bone-implant interface multiplied by 100) was calculated at the HA-bone interface.
Microhardness
The same resin-embedded blocks that contained the remaining part of the implanted HA were used to measure bone hardness by means of an indentation test (Microhardness VMHT 30, Leica, Wien, Austria), as described by Fini et al. (2002) . Briefly, the microhardness measurements were taken tangentially to the interface using a Vickers indenter (four-sided pyramid with square base and an apex angle between opposite sides of 1361±15 0 ) applied to the bone at a load of 0.05 kgf and a dwell time of 5 s. The Vickers hardness degree (HV) was calculated by dividing the indentation force by the surface of the imprint (four surfaces of the pyramid) observed at the microscope. The average value for each sample was calculated on a mean of 10 for each examined area (within 200 mm from the interface and at 2000 mm), by allowing a minimum distance of three times the diagonal between the imprints to avoid their mutual influence.
Statistical analysis
Statistical analysis was performed by using SPSS 7.5 software (SPSS/PC Inc., Chicago, IL, USA). Data are reported as mean± SD at a significance level of P <0.05. A two-way ANOVA (treatment: LPL and Control; experimental time: 3 and 6 weeks) was performed to assess any significant interaction between the selected factors in terms of AI results. A three-way ANOVA (treatment, experimental time and hardness measurement distance: within 200 mm from the implant and at 2000 mm) was used to detect any significant interaction between the selected factors in terms of microhardness results.
Results
No discharge from the surgical lesions was observed and all of the animals were in good general conditions at the established experimental times. In the LPL group, healing of the surgical wounds was better and incidence of femoral swelling was lower than in the control group.
Histomorphometry
The two-way ANOVA revealed no significant interaction between the selected factors (F ¼ 4.14 ns) in terms of AI results. However, treatment (F ¼ 94.68, P<0.0005) and experimental time (F ¼ 40.22, P<0.0005) showed significant effects on AI results when examined separately. When the treatment factor was first considered, significant differences in AI were found at 3 vs. 6 weeks for both control and LPL groups ( Table 1 ). The analysis of the experimental time factor revealed significant differences in AI between the control and LPL groups at 3 and 6 weeks ( Table 1) .
The microphotographs of samples at 3 (Fig. 1) and 6 (Fig. 2) weeks showed a wider contact surface at the bone-implant interface in the LPL group vs. the control group. Normal cancellous bone was observed around the implants in both groups.
Microhardness
The three-way ANOVA showed no significant interaction between the selected factors (F ¼ 4.05 ns). A two-way factor interaction (treatment-hardness measurement distance; F ¼ 11.00, P<0.0005) was observed. The two latter factors revealed significant effects on microhardness results when examined separately, while the experimental time had no effect. For this reason, the present authors decided to examine the results obtained at 3 and 6 weeks all together. A significant difference in bone microhardness was observed in the LPL group vs. the control group at 200 mm (P<0.01), while the furthest area (2000 mm) was influenced neither by the implant nor by the LPL treatment (Fig. 3) .
Discussion
On the basis of the assumption that LPL stimulation is a therapy to improve boneimplant interface healing, a relationship between its properties was demonstrated in the present study. Histomorphometric and microhardness data observed at the HAbone interface revealed significant differences between the lased and control groups and provided enough sensitivity to characterise the reparative properties of the LPL group, which performed better than the control group at 3 and 6 weeks. LPL appeared to have positive histomorphometric effects on ceramic osseointegration, as has been previously demonstrated by the current authors at longer experimental times (Guzzardella et al. 2001a (Guzzardella et al. , 2001b . Moreover, in the LPL-treated cases bone hardness measurements also showed better bone maturation at the interface with HA, where bone mineralisation was similar to that of normal pre-existing bone at 3 weeks. At 6 weeks bone hardness decreased in the LPL group, probably due to the bone remodelling process, but its values were still similar to those of normal bone. Since previous experiments have demonstrated that the effect of a surgical bone implant can be detected within 500 mm from the interface, microhardness measurements were taken within 200 mm from the interface, whereas the measurements taken at 2000 mm were referred to normal pre-existing bone (Huja et al. 1998; Fini et al. 2002) . Microhardness is considered to be a useful test in the study of osseointegration because it makes it possible to evaluate biomaterials at different distances from the implant. Additionally, it does not cause damage to the interface and appears to correlate well with many microstructural bone characteristics (Fini et al. 2002) . Moreover, this type of measurement is used both to assess which areas are less resistant in terms of enamel and dentin, and to evaluate the mechanical resistance of the materials used in dentistry and orthopaedics (Huja et al. 1998; Fini et al. 2002) . When specimens used for microhardness analyses are all prepared in the same way and have microstructures of the same type, microhardness values can express the degree of bone maturation and mechanical resistance (Fini et al. 2002) .
The use of the HA coating on metallic implants is rapidly gaining popularity in the field of endosseous implants in oral and orthopaedic surgery because of its biocompatible and bioactive properties, which are responsible for direct bone-implant bonding (Dorr et al. 1998; Capello et al. 1998; Rkkum & Reigstad 1999; Meffert 1999; Ong & Chan 2000; Lee et al. 2000) . During this stage of the research process, no attention was paid to the LPL effect on the ceramic material, and further research is now needed to focus on HA-coated metallic devices.
Laser radiation has a wide range of effects on tissues (Hall et al. 1971) , and ''underexposure'' or ''overexposure'' can significantly change clinical or experimental results (Dew et al. 1993; Dortbudak et al. 2000) . It is therefore of extreme importance to adopt the proper stimulation method. The LPL parameters set were selected on the basis of the promising results obtained when applied to cell cultures (Morrone et al. 2000a (Morrone et al. , 2000b Torricelli et al. 2001a, 20001b) or used for the in vivo stimulation of osteochondral defects (Morrone et al. 2000a (Morrone et al. , 2000b Guzzardella et al. 2001a Guzzardella et al. , 2000b .
Ga-Al-As LPL has been mainly investigated as an anti-inflammatory agent in osteoarthritis, rheumatoid arthritis and muscular trauma (Honmura et al. 1992; Amamo et al. 1994; Morrone et al. 1998) , and as a form of postoperative treatment to improve tissue repair in periapical surgery (Gow-Soares et al. 2001) . Regarding biomaterial osseointegration, lasers have been rarely considered as a form of postoperative treatment to enhance bone ingrowth. Kusakari et al. have inserted titanium alloy implants into dog mandibles and performed stimulation with Ga-Al-As LPL (Kusakari et al. 1992 ). They did not directly investigate osseointegration but demonstrated the higher repair capability of the gingival tissue surrounding the implants due to the increased DNA synthesis and alkaline phosphatase activity. Asanami et al. have inserted ceramic implants into rabbits and performed stimulation with He-Ne laser (Asanami et al. 1993 ). In the treated cases they observed direct bone-implant contact with no capsular interposition of connective tissue at 3 weeks.
On the other hand, the development of laser technology represents perhaps one of the most promising treatment modalities to improve biomaterials by enhancing osteoblast adhesion and vessel migration towards the surface, and prepare an adequate implant site to reduce tissue damage (Lewandrowski et al. 1996; el-Montaser et al. 1999; Romanos et al. 2000) .
The present findings have confirmed the positive effect of the LPL on de novo bone formation and mineralisation, which pro- vide the basis for the healing process of endosseous bone.
LPL postoperative therapy requires further research for a better understanding of its mechanism of action in terms of osseointegration. Moreover, other physical parameters of LPL therapy (i.e., energy density) and new sites of irradiation should be investigated.
In conclusion, the stimulation properties of LPL may contribute to facilitate bone ingrowth in dental and orthopaedic implants and may promote osseointegration of ceramic implants. Additionally, they may offer advantages in terms of functional recovery. 
Résumé
La stimulation à l'aide d'un laser de faible puissance (LPL) peut accrotre la réparation osseuse comme cela a été décrit dans des études expérimentales sur des lésions osseuses et des guérisons de fractures. Peu de données existent concernant l'utilisation de la stimulation postopérative LPL pour intensifier l'ostéoïntégration d'implants dentaires. Un modèle in vivo a été utilisé dans l'étude présente afin d'évaluer si la stimulation LPL du Ga-Al-As (780nm) pouvait améliorer l'osté ïntégration du biomatériel. Après avoir foré l'os, des implants cylindriques en hydroxyapatite (HA) ont été placés dans les fémurs de douze lapins. Du premier jour après l'opération et durant les cinq jours suivants, les fémurs gauches de tous les lapins ont été soumis au traitement LPL selon les paramètres suivants : 300 joules/cm2, 1 Watt, 300 Hertz, émission par pulsations durant dix minutes. Les fémurs droits n'étaient pas traités. LG -3 weeks CG -6 weeks
LG -6 weeks 
Resumen
Osteointergration of Endosseous Ceramic Implants After Postoperative Low-power Laser Stimulation An In Vivo Comparative Study La estimulació n con láser de baja potencia (LPL) puede aumentar la reparació n ó sea tal y como se informa en estudios experimentales en defectos ó seos y cicatrizació n de fracturas. Existen pocos datos acerca del uso de la estimulació n postoperatoria de LPL para mejorar la osteointegració n de implantes endoó seos en cirugía ortopédica y dental. Se usó un modelo in vivo para el presente estudio para evaluar si la estimulació n con Ga-Al-As (780 nm) LPL puede mejorar la osteointegració n de biomaterial. Tras perforar unos orificios, se colocaron implantes cilíndricos de hidroxiapatita (HA) en los dos fémures distales de 12 conejos. Desde el primer día tras la operació n y durante 5 días consecutivos, los fémures izquierdos de todos los conejos se sometieron a tratamiento LPL (Grupo LPL) con los siguientes parámetros: 300 Julios/cm 2 , 1 watio, 300 hertzios, emisió n pulsátil, 10 minutos. Los fémures derechos se trataron con placebo (Grupo de control). A las tres y a las seis semanas tras la implantació n se tomaron medidas histomorfométricas y de microdureza. Se observó un mayor índice de afinidad en la interfase HA-hueso en el grupo LPL a las tres (p<0.0005) y seis semanas (p<0.001); se observó una diferencia significativa en la microdureza en el grupo LPL frente al grupo de control (p<0.01). Estos resultados sugieren que el tratamiento postoperativo con LPL incrementa la internase hueso-implante.
